We report here an efficient and rapid method for the specific detection of calcitonin in tumor c-cells of medullary thyroid carcinoma (MTC). This occasionally aggressive tumor arises from the endocrine thyroid C-cells. Its principal marker is calcitonin, the predominant C-cell secretion, which is detected in patients and in our animal model by radioimmunoassay of the plasma, as well as by immunohistochemistry of thyroid tissues. Although calcitonin is easily detectable in normal C-cells, its content is greatly reduced in tumor cells owing to the disappearance of the secretory granules that store the mature peptide. This finding suggests cell dedifferentiation correlated with an increasing aggressivity of the tumor. We therefore developed a rapid detection of calcitonin mRNA by in situ hybridization on routine paraffm sections, using a synthetic oligudeoxyribonucleotide probe labeled with digoxigenin-dUTP. The reaction was detected with an anti-digoxigenin antibody conjugated with alkaline phosphatase, and the enzyme catalyzed the appearance of a dark blue color. The signal was exclusively restricted to the normal, hyperplastic, and tumor C-cells. It was specific, as increasing concentrations of the unlabeled oligonucleotide
Introduction
Medullary thyroid carcinoma (ME) is a cancer arising from the thyroid C-cells in mammals (11). The principal secretion of normal C-cells is calcitonin (CT), the hypocalcemic and hypophosphatemic hormone (13) . Calcitonin precursor is encoded by exons 1-4 of the Supported by the Association pour la Recherche sur le Cancer (Gr. 6424). led to progressive disappearance of the reaction. Its sensitivity was slightly diminished as compared with corresponding frozen sections, but the intensity of the signal was quite acceptable. High levels of calcitonin mRNA were found in all normal and hyperplastic C-cells. They wem increased in most of the tumor M E cells, which did not correlate with the amount of intracellular peptide stores but explained the abnormally high basal levels of circulating calcitonin of the tumor-bearing rats. ISH is therefore of greater value than ICC for an early anatomopathological detection of this tumor. Our data show that the tumor cells are not "dedifferentiated." They only lack the granular compartment storing the mature peptide before exocytosis, but CT biosynthesis and the rest of the secretory process seem to be complete. affect basic cell mechanisms involved in the storage of the mature calcitonin, rather than the expression of the CAK gene. ( J Hisrochem Cyrochem 41: [389] [390] [391] [392] [393] [394] [395] 1993) KEY WORDS: Calcitonin gene expression; Medullary thyroid carcinoma cells (rat); In situ hybridization; Digoxigenin-labeled oligodeoxyribonucleotide probe. our results suggest that h o r s e x p r e s s e d in malignant c-cells CALC-1 gene (I), which is active in rat MTC cells as demonstrated by cell-free translation (7), Northern blot analysis (30) , and immunocytochemistry (ICC) (2 5). Thyroids developing MTC secrete high levels of the peptide which is, up to now, considered as the best marker of this neoplasm in humans (18). Patients are identified by CT hypersecretion, spontaneously or after calcium stimulation (12). Total thyroidectomy, which is always recommended, confirms the existence of a hyperplastic C-cell population, as detected by ICC after surgery.
One of the first indications of transformation of C-cells is the heterogeneity and decrease of the immunostaining in human (16, 24) and in rat MTC cells (15,16,24; and unpublished data). In this spe-cies, this is due to the disappearance of the secretory granules that normally store the mature peptide (15), preventing the immunohistochemical detection of the peptide. Moreover, these "dedifferentiated cells" have been demonstrated to constitute the most aggressive tumors (16, 24) . In situ hybridization methods (ISH) have therefore been developed as an attempt to bypass the lack of peptide stores by the detection of CT messenger RNA for human MTC (3, 19, 21, 31) .
In rat, the sequence of the CALC-1 gene has been established (1,23) and localized on chromosome 1 (27) . During the last 5 years we have characterized an animal model of the human medullary thyroid carcinoma, the WaglRij strain of Wistar rat. This strain develops spontaneous medullary MTC (at least 50%) when aging (2). Young WaglRij rats show the principal abnormalities of calcitonin secretion thought to precede the establishment of MTC, i.e., C-cell hyperplasia, variable cellular calcitonin content, and an exaggerated response to a calcium load (15). Furthermore, thyroid content of calcitonin and of its messenger RNA is increased compared with the original Wistar strain (4,5). The morphological steps of tumor development have been reported on another strain of rat, the Long-Evans (6) but, to our knowledge, no study on calcitonin biosynthesis by rat MTC tumors has been reported.
The first ISH studies were based on the use of complementary cDNA probes and radioactive labeling (14, 21, 31) , which allow quantitation but not precise localization. In the past few years, with the availability of a number of synthetic oligonucleotides and of new non-radioactive labels, e.g., with biotinylated probes (19, 30) , ISH has become a widely used procedure to localize " As in tissue sections. However, the majority of the methods were applied on frozen sections, mostly obtained after surgery. They are sensitive and reliable but the frozen sections must be processed rapidly and do not allow reexamination after long periods of storage.
We therefore developed a rapid and sensitive method of ISH on routinely processed paraffin sections. We took the opportunity to use a recent new labeling technique based on the use of the nucleotide analogue digoxigenin-ll-dUTP (9). This probe does not show any crossreaction with any animal antigen tested, and displays less nonspecific signal than the biotinylated probes (17). Recently, a new sensitive ISH technique using synthetic oligonucleotide probes labeled at their 3' end with digoxigenin-11-dUTP was developed for human brain frozen tissue sections by one of us (8).
In this report, we describe the use of such a probe to specifically detect CT mRNA in a collection of normal, hyperplastic, and tumorous rat thyroids. We found a heavy signal in all the normal and in most of the tumor C-cells at all stages of tumor development, even when they were devoid of detectable immunoreactive calcitonin stores. These results suggest that, as in human thyroid tumor cells (3), peptide storage and not biosynthesis is the primary defect of the tumor C-cells.
However, some rather large areas of the tumors were also negative with both ICC and ISH. As the method developed here can be used with old paraffin samples or sections, it will be easy to reinvestigate the expression of the different "As encoded by these cells in correlation with the ICC detection of the peptides, and also to reinvestigate some unresolved cases showing high CT plasma levels along with negatively immunostained tumor masses. Studies are under way for characterization of such unreactive areas using additional probes detecting CGRP or somatostatin "As, also known to be produced by all or part of normal and malignant C-cells.
Materials and Methods
Studies were performed on young adult (4-month-old) and old (24-monthold) WaglRij rats. Blood samples were obtained by retro-orbital sinus puncture under anesthesia, collected in heparinized tubes, and immediately centrifiged at 4°C. The plasma was kept at -2O' C until radioimmunoassay.
The animals were then sacrificed by a sharp blow on the head. The thyroid lobes were removed along with larynx, trachea, esophagus, and surrounding muscles, and immersed in the fixative.
Radioimmunoassay
Calcitonin was assayed according to a previously published procedure (I>), using a heterologous assay for human calcitonin crossreacting totally with murine calcitonin. In brief, the RIA was performed as follows: The antibody, diluted 1:200,000 in the RIA buffer (0.1 M phosphate, 0.2% human albumin, and 0.1% sodium azide, pH 7.4). 50 pg of the labeled hormone, and increasing amounts of synthetic hormone (0.03-1 ng) or 50 pl of unextracted plasma were incubated for 4 days at 4'C. Free and bound hormone were separated by dextran-charcoal; controls for nonspecific binding were included in each experiment.
Synthetic hCT (biological activity MRC 100 Umg-') was kindly supplied by Ciba (Basel, Switzerland). It was iodinated by the chloramine T method to a specific activity of 300 Ci,g-'.[ '*'I]-Na (63 1O' O Bq.ng-') was obtained from New England Nuclear (Boston, MA). The antiserum As6732 against the unconjugated intact synthetic human molecule was raised in sheep.
Histological Methods
All steps were performed under sterile conditions to minimize RNA degradation in unprocessed blocks.
Fixation of Rat Thyroid Regions. Two immersion methods were compared on the young adult rats: 24 hr at 4'C in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, or 3 days in Bouin's fluid, Holland's modifcation containing copper acetate. All the old rat thyroids were submitted to formalin fixation. Subsequent Treatments. After both types of fixations, samples were dehydrated using a routine procedure adapted from Sassoon et al. (26) . In brief, thyroids were extensively washed with sterile isotonic sodium chloride and dehydrated through graded dilutions of ethanol in the same mixture (70-100%). They were finally stored in pure butanol-I (for at least 3 days) until embedding in paraffin wax. Serial 7-pm sections were collected on gelatinized slides and kept at room temperature before use.
To test for the influence of paraffin embedding on the sensitivity of ISH detection, additional old rat thyroids were submitted to formalin fixation, rinsed for 24 hr at 4°C in 0.1 M phosphate buffer, pH 7.4, containing 15% sucrose (8), and frozen in iwpentane in liquid nitrogen (-40°C). Serial sections (10 pm) were cut in a cryostat (Bright), collected on gelatinized slides, and stored at -80°C until use.
The histopathological diagnosis was made on sections (one slide out of 10) routinely stained with the Mann-Dominici procedure (Toluidine blue-eosin) as previously reported (15). ICC and ISH were performed on serial slides (one out of five).
In Situ Hybridization
Preparation of the Probe. The probe was an oligonucleotide made and purified by GENSET (Paris, France). It was 37 bases long, referred to as rCT37, and was complementary to exon 4 of the rat calcitonin gene (l), corresponding to the 2-14 domain of the rat calcitonin amino acid sequence (22). The probe was labeled at the 3' end using terminal deoxynucleotidyl transferase, according to a previously reported procedure (8). The labeled probe was used without purification and could be kept at 4°C for months.
Hybridization Procedure. The treatment of paraffin sections was adapted from Sassoon et al. (26) with modifications of our own. Slides carrying two sections each were deparaffinized in toluene (twice for 15 min). rehydrated through graded dilutions of ethanol (100-30%), rinsed in isotonic NaCl (10 min) and 1 x PBS ( 5 min). A final rinse in sterile distilled water saturated with lithium chloride was applied to sections fixed in Bouin's fluid, to remove picric acid.
Frozen and deparaffinized sections with both types of fixations were post-fixed for 30 min in a freshly prepared solution of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Slides were then extensively washed in two baths of 1 x PBS (10 min each with magnetic stirring), and treated with a fresh solution of proteinase K (Merck; Darmstadt, Germany), 10 pg.ml-' in Eis-HC1, EDTA (50 mM, 5 mM, pH 7.2), for 8 min at room temperature. The slides were finally rinsed in 1 x PBS and stored in 2 x SSC until pre-hybridization.
Pre-hybridization and hybridization steps were performed on all the slides as already reported for brain frozen sections (8). In brief, sections were prehybridized under a coverslip for 1 hr at 42'C. Coverslips were carefully removed and 0.25 pmol labeled probe in 30 p1 of hybridization buffer was applied to each slide and sealed under a coverslip with rubber cement. Hybridization was carried on for 18 hr at 42'C.
Digoxigenin was detected using an alkaline phosphatase-conjugated sheep anti-digoxigenin antiserum (Boehringer; Mannheh, Germany) at 1: SOOO for 3 hr at room temperature. The alkaline phosphatase was revealed with a freshly prepared color solution [lo ml of 0.1 M %is-HC1, pH 9.5, containing 3.3 mg nitroblue tetrazolium (NBT) and 1.65 mg S-bromo-4chloro-3-indolyl phosphate (BCIP)] for 18 hr at room temperature in a dark vat. The sections were finally mounted in glycerol-gelatin.
Controls for Specificity. The specificities ofthe probe and ofthe staining were assessed by two types of controls: (a) Incubation was performed in the hybridization buffer with probe omitted, or incubation in the hybridization buffer containing the unlabeled probe, or incubation in the hybridization buffer containing the labeled probe and two increasing concentrations of the unlabeled nucleotide ( x 10 and x 20). (b) Observation was made of the signal on all the tissues of the region: parathyroid, thyroid follicular cells, trachea and esophagus, muscles, and cartilage.
Immunohistochemistry
Specific CT immunodetection was performed as already reported (15. 28.29) using a human calcitonin antibody (As 6732, raised in sheep) and the PAP procedure.
The specificity of the reaction was tested using either normal sheep serum or specific antibody saturated with an excess of calcitonin in the first incubating medium.
Anti-sheep serum, anti-sheep-FIK, and sheep-PAP conjugate were purchased from the Nordic Laboratories (Tebu, France).
Results

Plasma CT Levels ana' Histopathological Diagnosis of the Thyroids
Mean basal CT levels of young adults have been reported elsewhere (15). Data were corroborative here, i.e., roughly 0.3 ng.ml-'. The basal circulating CT levels of the seven 24-month-old rats were respectively from rat no. 1 to rat no. 7: 17, 0.5, 0.75, 7.5, 0.7, 45, and 23 ng.ml-', always higher than in young adults, especially in rats 1, 4, 6, and 7.
The successive steps of MTC development have been already described for the Long-Evans strain of rat (6). They were identical for the Wag/Rij rats, i.e., diffuse C-cell hyperplasia, nodular hyperplasia, and medullary carcinoma after invasion of the nodule by capillaries.
Tumor development did not always correlate with the basal CT level. Well-developed MTCs were found in rats 4, 6 and 7. Welldeveloped tumors affected both thyroid lobes of rat 6 (bilateral MTC), and only one lobe of rats 4 and 7 (unilateral MTCs). In the two latter cases, the second lobe displayed a severe diffuse hyperplasia. In the tumorous thyroid lobe of rat 7, two histologically different tumors were present (TI and T2, shown in Figure 3 ). The other four thyroids, including rat 1, always showed more or less severe diffuse hyperplasia and different steps of nodule development (nodule diameter always <400 pm).
Spec+c Detection of CT mRNA in Normal and Hyperplastic C-cells: Technical Considerations
After formaldehyde fixation, a heavy signal indicating large amounts of CT mRNA was observed in all normal C-cells of the young rats.
A similar reaction affected the diffuse hyperplastic C-cells of the old rats ( Figure 1A) . The reactive pattern was identical to the immunohistochemical one as seen by the immunoperoxidase technique ( Figure IC) . The hybridocytochemical stain was restricted to the C-cells; muscles, cartilage, epithelium of the trachea, parathyroid, and main thyroid cells were unreactive. The reaction was specific, as no stain was observed when a labeled probe saturated with unlabeled oligonucleotide was applied on sections (concentration of the oligonucleotide x 20) ( Figure 1B) . The same technique applied on frozen sections ( Figure ID) gave similar results; the major technical difference was the omission of the proteinase K treatment in this case. In all cases, the background appeared very low.
After Bouin's fixation hybridization was positive in all C-cells, but the sensitivity appeared greatly reduced, principally owing to the presence of a particularly high background on the colloid and on the connective tissues (data not shown).
CT Biosynthesis and Secretion in Hyperplastic and Malignant Rat M E Cell.
In the case of nodular hyperplasia, as for the diffuse hyperplasia already described, we observed a heavy signal with both the ISH method and immunohistochemistry (data not shown).
In the large tumors of rats 4 , 6 and 7, the immunoreactive areas were scattered in the tumor mass ( Figures 2B and 3B , rats 4 and 7 , respectively), and the immunoreactivity was completely uncorrelated with the circulating CT levels. The heavy signal observed on the hyperplastic C-cells of the second thyroid lobe, taken as a control, indicated that the intensity of the immunoreaction was correct (data not shown).
The same tumors showed a heavy signal with the ISH technique (Figures 2A and 3A, rats 4 and 7 , respectively) : all the cells that Two tumors are observed. called T1 and T2, separated by the parathyroid on the left (Pt) and by a few remnants of thyroid follicles filled with C-cells (nodular hyperplasia, arrowheads). T2 shows higher levels of detectable CT mRNA than T1, and distribution of the labeled cells is homogeneous. Parathyroid is invaded with cells positive with ISH (thin arrows). (E) Same tumor, same region (70 pm further) and the ICC procedure. Immunoreactive CT-producing cells of T1 are arranged in follicular structures. In T2, only a few fusiform cells are immunoreactive (arrows), and so are the hyperplastic nodules (arrowheads). Large areas of this tumor are unreactive. Original magnification x 40. Bars = 50 Hm.
showed a positive immunostain were also reactive with ISH, but other cell nests located preferentially in the center of the tumor mass were heavily labeled despite their lack of immunoreactivity (Figure 2A ). The reactive pattern was multinodular. All the cells of the nodules were labeled, contrary to the ICC procedure ( Figure   2A vs Figure 2B ).
Special attention was focused on the thyroid of rat 7 ( Figure  3) . One of the lobes was completely invaded by tumor cells. Morphologically, two different tumors were observed, separated by a few remaining thyroid follicles and the parathyroid. Both tissue structures were different. One of them, which we called TI, had a classical multinodular arrangement of large cells and thyroid follicles enclosed in the tumor. The tumor cells of T2 were more elongated, the tissue more diffuse, and the enclosed thyroid follicles were rare. Morphologically, T2 could not be classified as MTC. Both tumors were faintly stained with the ICC procedure. T1 had the classical MTC pattern, with nodules consisting of cells with faint immunostain and large unstained areas, whereas T2 showed isolated, strongly immunoreactive cells scattered in the tumor mass ( Figure 3B ).
ISH detected high levels of CT mRNA in both tumors ( Figure   3A ). TI showed the same multinodular pattern as already reported for rat 4. The T2 cells were heavily labeled. Moreover, ISH labeling clearly showed that CT mRNA was present in the parathyroid, probably owing to invasion of the tissue by tumor C-cells ( Figure 3A) , an observation that could not be made after the ICC procedure.
Discussion
This study addresses two purposes. The first is the improvement of an easy, specific, sensitive, and reproducible ISH procedure using a non-radioactive DNA oligonucleotide probe labeled without purification and testing steps, as already reported (8). This procedure, performed on routinely fixed and paraffin-embedded thyroid sections, allows comparative reinvestigations with additional probes on serial sections even kept for a long time at room temperature. It can also easily be adapted to human samples and should be of great use in facilitating accurate diagnosis after surgery.
With this method, we were able to establish that rat medullary thyroid carcinomas, which look "dedifferentiated" with little or no intracellular immunoreactive CT, show high levels of CT mRNA. In rats, this is the first study in situ of CT biosynthesis by MTC cells. It confirms and expands the previous reports by Jacobs et al. (14) and Zabel et al. (30) , which dealt only with the ability of ISH to localize CT mRNA in normal C-cells of adult (30) or old rats (14) . The high levels of unlabeled oligonucleotide necessary to obtain the extinction of ISH in some tumor areas could indicate the presence of greater amounts of CT mRNA in these cells than in normal ones ( x 50 vs x 20). This fact is interesting in reference to the Wag/Rij rat M E , which we have demonstrated to be of the familial hereditary form (415). Indeed, in a previous work we reported higher levels of CT mRNA in the normal C-cells during the "pre-tumor period' of the young adult (4,5). Higher levels of normal transcription of the CALC-1 gene could thus be a more sensitive tumor marker for the diagnosis of the disease in tissue sections.
Our results fit well with previous reports by Zajac et al. (31) , Noel et al. (21) , and Boultwood et al.
(3) on human MTC cells. In this last work, an increased content of CT mRNA in tumor MTC cells was quantified as compared with the normal C-cells of the surrounding thyroid. The explanation suggested was a loss of responsiveness to a normal feedback mechanism mediated by the high levels of circulating calcitonin. Such a regulation loop is unlikely in the rat, as preliminary experiments conducted in our laboratory in vivo on WaglRij rats and in vitro on the 6/23 rat MTC cell line seem to indicate that endogenous CT exerts no effect on cell proliferation and little, if any, on CT biosynthesis and secretion (unpublished data).
The presence in the primary tumor of large amounts of CT mRNA in immunonegative cells suggests that, at least in rats, the main cell transformation due to malignancy and detectable by a histological method is the decrease of the detectable intracellular peptide which is normally packaged in the cytoplasmic secretory granules (15, 29). We did not observe a decrease of gene transcription, and if CGRP expression is increased, as has already been demonstrated in transplanted rat tumors (23), it is not due to a switch of the alternate splicing abolishing CT production.
One of the principal features of a differentiated cell is expression of the gene(s) characteristic of its specialization. The nonimmunoreactive C-cells are not dedifferentiated to the extent that they are able to express CT mRNA, and this was the case for most of the tumor cells we observed. Furthermore, an attempt of "redifferentiation" correcting the defect of storage has been successfully realized by Nakagawa et al. (20) , who transfected the Haras oncogene in a human MTC cell line. The pool of secretory granules was restored in a human tumor cell line by transfection of Hawas, whose encoded protein is known to mimic the small G-proteins implicated in the constitution and exocytosis of the secretory granules in endocrine cells (10). Further studies will be necessary to determine if the ability to store peptides influences cell proliferation, as indicated by many therapeutic treatments.
